The Gaudeanmus area is located at the southern Central Zone of the Damara orogenic belt in south-western Africa. In this paper, we investigate the whole rock major and trace element compositions and Sr-Nd-Pb isotopic compositions of the biotite granite, and determine the age of the samples utilising U-Pb zircon dating methods. Our results provide an LA-collector inductively plasma mass spectrometer (ICP-MS) zircon U-Pb age for the biotite granite of 540 ± 4 Ma (i.e., earliest Cambrian). The biotite granites show the characteristics of metaluminous compositions belonging to high-K calc-alkaline to shoshonite series. The granites contain high alkali and rare earth elements (REE), are enriched in large-ion lithophile elements (Rb, K, Pb), and depleted in high field-strength elements (Nb, Ta, Ti). The REE patterns are characterised by enrichment of LREEs relative to HREEs and medium negative Eu anomalies in the chondrite-normalised REE diagram. These rocks have high initial 87 Sr/ 86 Sr ratios (0.71400-0.71768); low εNd(t) value (−12.0 to −7.1); Sm-Nd isotope crust model ages ranging from 1711 to 2235 Ma; and large variations in 206 Pb/ 204 Pb (18.0851-19.2757), 207 Pb/ 204 Pb (15.6258-15.7269), and 208 Pb/ 204 Pb ratios (38.7437-40.5607). Such geochemical signatures indicate that the biotite granite rocks derive mainly from partial melting of ancient crustal rocks resembling the local basement meta-sedimentary rocks. However, minor mantle-derived materials may have also been involved in the formation of these rocks. Combining with regional tectonic evolution, we consider that the biotite granite intrusions in the Gaudeanmus area formed in a transitional tectonic regime that went from compressional to extensional tectonics.
Introduction
The central zone of the Damara orogenic belt in Namibia is characterized by a large amount of intrusive rocks exposed, with an exposed area of at least 75,000 km 2 and more than 300 intrusive bodies. Among the exposed intrusive rocks, 96% are granitic rocks and 4% are gabbro and granodiorite rock [1] . The size of the granite intrusions in the central zone varies from the Donkerhuk granitoids (5000 km 2 ) to a large number of small stocks [1] and to a few meters thick sheeted leucogranites [2] . According to Marlow [3] , these granites of the Central Zone include basement Abbabis gneiss, Red granite, Salem-type granite, and the alaskite [4, 5] . The Gaudeanmus area is located at the southern Central Zone of the Damara orogenic belt. The biotite granites in Gaudeanmus area outcrop in the northwestern part of the study area, which belonged to Salem-type granite [1, 3, [6] [7] [8] . The Salem-type granite is the most widely distributed granite in the central zone, which is the general name of granodiorite, Figure 1 . Map illustrating the principal subdivisions of the Damara Orogen based on Gao et al. [15] showing the location of significant uranium anomalies within the Central Zone.
The Gaudeanmus area is located at the southern Central Zone of the Damara orogenic belt. The southern Central Zone is characterized by the dome structure with pre-Damaran basement as the core, extensive granitoid intrusions [1] , and low pressure and high temperature metamorphism (high amphibolite facies to granulite facies) [16, 17] . The strata in the central zone are mainly composed of the pre-Damaran basement and the Neoproterozoic Damara Sequence, which is unconformably above the pre-Damaran basement (Figure 2 ). The pre-Damaran Abbabis basement is largely composed of quartzo-feldspathic augen gneiss with minor amphibolites, schists, and calc-silicates units [18, 19] . The poly-cyclic basement granite-gneisses forming the oldest group have been dated at 2093 ± 51 Ma, and some intrusive components exhibit Grenvillian ages 1027 ± 8 Ma [20, 21] . The Neoproterozoic Damara Sequence is composed of the fluvial Nosib group and calcareous, glacio-marine Swakop Group. The lower Nosib Group included the the Etusis formation and Khan formation, while the upper Swakop Group included the Rössing formation, Chuos formation, Karibib formation, and Kuiseb formation [8, [22] [23] [24] [25] [26] [27] . The Salem-type granites in the Gaudeanmus area outcrop in the northwestern and southeastern part of the study area. They mainly comprise porphyritic granites, with some biotite granites, exhibiting the form of a batholith ( Figure 2 ). Biotite granite outcrops in the northwestern side of Gaudeanmus area, but the outcrop area is relative small. Biotite granite intrudes pre-Damaran Abbabis basement and Neoproterozoic Damara Sequence, whereas alaskite intrudes biotite granite units (Figure 3a) . The rock biotite-rich and weak foliations are present. These are medium-to-coarse grained, grey in colour, and massive. Biotite granite is composed of potassium feldspar (15-35%), plagioclase (20-40%), quartz (35-40%), and biotite (15-20%), with minor garnet and magnetite. Accessory minerals include zircon, apatite, and titanite. Myrmekite develops at plagioclase and K-feldspar grain boundaries ( Figure 3b ). Plagioclase is locally commonly sericitized and biotite is generally altered to chlorite. Potassium feldspar, plagioclase, and quartz granites show evidence of deformation after crystallisation. 
Analytical Methods

LA-Collector Inductively Plasma (ICP)-Mass Spectrometer (MS) Zircon U-Pb Age Determination
In order to study the geochronology of biotite granites, about 5 kg of samples were collected from Gaudeanmus area. Zircon grains were separated from crushed samples by density and magnetic techniques, and then carefully purified by hand-picking under a binocular microscope, according to size, color, and shape. Zircon grains were set in an epoxy mount, which was then ground and polished to expose half the crystals for analysis [29] . Zircon internal structures were imaged using transmitted and reflected light microscopy and cathodoluminescence (CL) imaging. Cathodoluminescence (CL) images were undertaken utilising scanning electron microscopy at the Beijing SHRIMP center and the electron probe laboratory at the Institute of Mineral Resources, Chinese Academy of Geological Sciences (Beijing, China).
The determination of the U-Pb age of zircon was performed on a Finnigan Neptune type multi-collector inductively plasma mass spectrometer (MC-ICP-MS) instrument and accompanying Newwave UP 213 nm laser ablation system, at the Key Laboratory of Metallogeny Resource Assessment, Institute of Mineral Resources, Chinese Academy of Geological Sciences (Beijing, China). The laser spot sizes were 25 µm in diameter. Zircon standard GJ-1 was used as an external standard to normalize isotopic fractionation during analysis ( 207 Pb/ 206 Pb age is 608 ± 1.5 Ma, Jackson et al. [30] ). Data were reduced using the ICP-MS DataCal 10.9 software of [31] (Wuhan, China). Common Pb was corrected using the ComPbCorr3_151 correction procedure for zircons with common 206 Pb concentrations of >1% [32] . U-Pb Concordia age and diagrams were calculated using ISOPLOT3.0 software (Berkeley, CA, USA) [33] .
Geochemical Analysis
Samples collected from the Gaudeanmus study area (Table 1) were crushed in steel ball mill and ground in an agate mill to a grain size of <200 mesh in the Mineral Separation Laboratory of Regional Geological Survey in Langfang, Hebei Province. Major-element, trace-element, rare-earth element, and Sr-Nd-Pb isotopic compositions were performed at the Centre of analyses and detection at Beijing Research Institute of Uranium Geology (BRIUG) (Beijing, China). For major element analyses, mixtures of whole rock powders (0.5 g) and Li 2 B 4 O 7 + LiBO 2 (4.5 g) were made into glass discs and analyzed by X-ray fluorescence spectroscopy. The chemical assay method was applied for the determination of FeO, and loss on ignition (LOI) was analyzed by the wet chemical method. The analytical uncertainties were generally within 0.1-1% (relative standard deviation (RSD)). Detailed analytical procedures are given in Norrish and Hutton [34] . Trace element (including REE) were determined by a Finnigan-MAT HR-ICP-MS (Element I) (Centre of analyses and detection at BRIUG, Beijing, China), with analytical uncertainties less than 10% for most elements. The detailed analytical procedures are similar to those described by Qu et al. [35] .
Sample powders were digested in sealed Teflon bombs with a mixture of HF, HNO 3 , and HClO 4 acids, and then analyzed using a Finnigan Triton Thermal Ionisation Mass Spectrometer (TIMS) instrument (Centre of analyses and detection at BRIUG, Beijing, China). The concentrations of Rb, Sr, Sm, and Nd were obtained through the isotope dilution method, which were effectively separated and purified with an anion-exchange column. The mass fractionation corrections for Sr and Nd isotopic ratios are based on 146 Nd/ 144 Nd = 0.7219 and 86 Sr/ 88 Sr = 0.1194, respectively. More details about the analytical procedures are given in Zhang et al. [36] . Whole rock Pb isotope was separated with resin exchange. After the samples were dried, lead isotopes for each example were determined with an MAT-261 TIMS instrument (Centre of analyses and detection at BRIUG, Beijing, China). Relative standard deviation (RSD) for a 1 µg lead content was not higher than 0.005% for 208 Pb/ 206 Pb. Repeated analyses of NBS 981 yielded average values of 206 Pb/ 204 Pb = 16.941 ± 6, 207 Pb/ 204 Pb = 15.494 ± 0.006, and 208 Pb/ 204 Pb = 36.718 ± 0.018, respectively.
Analytical Results
Zircon U-Pb Geochronology
In all samples of the biotite granite, the zircon grains are mostly colorless and/or pale yellow, transparent, and commonly euhedral to subhedral crystal forms, ranging in size from 110 to 250 µm. The grain sizes vary greatly with a length to width ratio of 2:1 to 3:1. CL images show ( Figure 4a ) most of the zircon grains have clearly oscillatory zoning, indicative of their magmatic origin [37, 38] . Partial zircon grains preserve internal cores with growth rims. The zircon grains of biotite granites have Th/U ratios of 0.29 to 1.42 (average 0.56), which also reflects their magmatic character [39] .
A selection of the biotite granite samples was chosen for LA-ICP-MS zircon U-Pb isotopic dating analyses; thirty U-Pb analyses were done on thirty different zircons with the data reported in Table 2 and plotted on a conventional U-Pb concordia shown in Figure 4b . A few analyses are discordant, having suffered Pb-loss as a consequence of analytical problems or subsequent geological processes, and are thus discarded. Excluding the analyses of two zircon grains that display inheritance, the fourteen remaining analyses plot on or close to a concordia curve ( Figure 4b ). The weighted mean 206 Pb/ 238 U age of 540 ± 4 Ma (MSWD = 0.97, Figure 4c ), when discordant zircons are ignored, can be considered the age of emplacement of the biotite granite units. Partial zircon grains preserve internal cores without growth rims, indicating existence of inherited zircon. These two analyses provide 207 Pb/ 206 Pb ages of 1907 Ma and 1033 Ma, close to the interpreted age of the Abbabis basement, and which may reflect the inherited character of the original magma source. [40] ( Figure 5b ). The analysed samples of biotite granite belong to the high-K calc-alkaline to shoshonite series ( Figure 5a ). As can be observed in Table 3 , biotite granite samples display variable composition, but on Harker type diagrams ( Figure 6 
Trace Element Compositions
Trace element analysis results are listed in Table 3 . The biotite granites samples have total rare earth element ( REE) contents ranging from 94.95 ppm to 355.14 ppm. In the chondrite-normalised rare-earth element patterns (Figure 7 ), all the analysed samples have similar chondrite-normalised REE patterns. They are characterised by LREE-enriched (82.66-334.06 ppm) and HREE-depleted (12.29-32.74 ppm) profiles with LREE/HREE of 6.37 to 15.85 and (La/Yb) N ratios (subscript N represents chondrite normalised value) of 7.00 to 35.40 . Samples of 11H-30 and 11H-33 have flat HREE distribution, which may be related to some enrichment in minerals that favour the incorporation of rare earth element mineral into their lattice, such as garnet. The biotite granite samples studied display weakly negative δEu of 0.27 to 0.54, increasing with falling SiO 2 contents, which is related to the difference in the amount of plagioclase fractionation. Sample 11H-33 has δEu of 0.987, which may be the result of analytical uncertainties.
In the primitive mantle-normalized trace element spider diagram (Figure 7 ), biotite granite samples show similar rare earth element patterns, enriched in large-ion lithopile elements (Rb, K, Pb), and depleted in high field-strength elements (Nb, Ta, Ti). Negative P and Ti anomalies suggest fractionation of apatite and Fe-Ti oxides. Deficiency of Nb, Ta, Sr, P, and Ba shows that granites may have the characteristics of continental crustal composition. 
Sr-Nd-Pb Isotopic Characteristics
The analytical results for Sr-Nd-Pb isotopes in biotite granite samples from the Gaudeanmus study area are reported in Table 4 . The results herein suggest an LA-ICP-MS zircon U-Pb age for the biotite granite of 540.2 ± 4 Ma. Ancient Nd isotope crust model ages are calculated through a two-stage model, according to the references listed in Table 4 and Li and McCulloch [42] and Shen et al. [43] .
These biotite granite samples have age-corrected initial 87 Sr/ 86 Sr ratios (I Sr ) varying from 0.71400 to 0.71768 (average 0.71548), 143 Nd/ 144 Nd ratios ranging from 0.511326 to 0.512003 (average 0.511468), the ε Nd (t) ranging from −12.0 to −7.1, and ancient Nd isotope crust model ages ranging from 1171 to 2235Ma. f sm/Nd values for the biotite granite are mainly between −0.51 and −0.14, indicating that the rare earth elements, Sm and Nd, have an indistinctive distribution, so ancient Nd isotope crust model ages calculated on the data are reliable. Sr and Nd isotopic compositions for the biotite granite vary greatly, indicating that these were formed by a hybridisation process of mantle-derived magma and sialic magma [44] . ε Nd (t)-( 87 Sr/ 86 Sr) i [45] (Figure 8 ), SiO 2 -( 87 Sr/ 86 Sr) i (Figure 9a) , and SiO 2 -ε Nd (t) (Figure 9b ) diagrams indicate that the biotite granite units derive mainly from partial melting of ancient crustal rocks resembling the basement meta-sedimentary rocks. However, minor mantle-derived materials may have also been involved in the formation of these rocks.
As presented by whole-rock lead isotope analysis ( 36.1932-38.1856 , respectively, all of which are higher. There is a significant difference between the present lead ratios and initial lead ratios for the studied sample suite. This variation may be the result of an inherited age and relatively high U and Th concentrations in the biotite granite units. As shown in Pb isotopic structure model diagram (see Figure 10 ) [46] , the Pb isotopic composition of the biotite granite from the study area falls between those of the upper crust and orogenic belts, closely resembling to upper crust. It is shown that Pb is mainly derived from the upper crust, with a somewhat influence of other materials. 
Discussion
Potential Sources Components
Biotite granite in the Gaudeanmus area exhibits metaluminus to peraluminous characteristics, with enriched in large-ion lithophile elements (U, Th, Pb), indicating it is crustally derived. The Nb/Ta ratios of biotite granites varies from 7.67 to 18.05 (average 12.94), close to the average value of the crust (around 11, Taylor and Mclenann [47] ), and far from the average value of mantle (17.5, Sun and McDonough [41] ); negative anomalies for Nb and Ta also display the characteristics of continental crust. Inherited zircon is a valuable monitor for magma source [48] . Inherited zircon of biotite granite in the Gaudeanmus area has 207 Pb/ 206 Pb ages close to the determined age of Abbabis poly-cyclic basement granite-gneisses [20, 21] , which indicates that their material might have originated from this ancient basement or a similar old source region of lithosphere. Sr-Nd-Pb isotopic research can be used to infer the characteristic of the potential sources components for granitic magma [49] . The characteristic of Sr-Nd-Pb isotope also indicates that biotite granite is mainly derived from partial melting of ancient crustal rocks, with a lesser influence of mantle-derived materials.
In the Rb-Ba-Sr diagram [50] of the biotite granite ( Figure 11 ), our samples of biotite granite plots mainly on the filed of clay-poor sources. According to the ratios of Al 2 O 3 /TiO 2 and CaO/Na 2 O, strongly pre-aluminous granites were divided into four types, including European Alps, Himalayas, Hercynides, and Lachlan Fold Belt granites. Biotite granite samples have the characteristic of low ratios of Al 2 O 3 /TiO 2 and CaO/Na 2 O, similar to the granites from Hercynides and Lachlan Fold Belt (Figure 11 ) [50] . Therefore, we draw a conclusion that the study area biotite granite samples are mainly derived from partial melting of ancient basement, clay-poor source rocks. 
Petrogenesis
The studied Gaudeanmus area Biotite granite rocks have SiO 2 contents ranging from 62.24% to 76.42%, high alkalis, and relatively rich potassium. A/CNK ratios for the biotite granite rocks vary from 0.98 to 1.10, exhibiting metaluminous characteristics. In the chondrite-normalised REE patterns, all biotite granite samples show a slightly LREE enriched pattern with negative Eu anomaly, suggesting it is derived from the crust. In the primitive mantle-normalised trace element spider diagram, biotite granite samples show similar trace element patterns, enriched in large-ion lithopile elements (Rb, Th, U, K, Pb), and depleted in high field-strength elements (Nb, Ta, Ti), indicating it is the characteristic of continental crust composition. However, Sr, Nd, and Pb isotopic compositions of biotite granite have large variation, indicating that the granites cannot form merely through partial melting of crust rocks, but formed by hybridisation process of mantle-derived magma and sialic magma [44] . The diagrams of SiO 2 -( 87 Sr/ 86 Sr) i , SiO 2 -εNd(t) and Pb isotope also show the characteristics of an hybrid origin. The granite generally experienced strong crystallisation differentiation, after magma crystallization, such a small volume mantle material mixing/assimilation (forming hybrid-magma) would not significantly modify the major element composition of these rocks. Therefore, it is inferred that biotite granite likely formed by a hybrid process of mantle-derived magma and sialic magma.
Tectonic Environment and Petrogenetic Processes
Granite tectonic environment discrimination not only need, according to their geochemical characteristics, to a large extent, but also need to carry on a comprehensive research on many aspects of their own rock structural characteristics and tectonic background of output [51] . Biotite granite intrusions outcrop in the northwestern side of Gaudeanmus area, exhibiting the form of a batholith, but the outcrop area is relative small and the rock weakly foliated. The original structure near the contact zone is also disturbed, but shows the active emplacement of rock mass structure.
Previous studies suggested that the Khomasari craton subducted northward toward the Congo craton, and the Khomas Ocean began to close approximately between 580 and 570 Ma [52, 53] . With the closure of the Khomas ocean, the continent to continent collision in the Damara belt occurred between 550 and 540 Ma, followed by the late-to post-tectonic granitic magmatic intrusion between 535 and 470 Ma [53] . As discussed earlier, the determined LA-ICP-MS zircon U-Pb age of biotite granite in the Gaudeanmus area is 540.2 ± 4 Ma (MSWD = 0.97), which represents the crystallisation ages of the zircon and the emplacement ages of the plutons.
In the process of magma crystallisation, similar elements with similar total distribution coefficient will not significantly change during partial melting or crystallisation, so these elements could be used to trace the magma source. In the Rb-(Yb + Ta) tectonic discrimination diagram ( Figure 12 ) [54] , the majority of our samples fall into the overlapping area of the syn-collision granites (syn-COLG), volcano arc granites (VAG), and post-collision granites (post-COLG). In the Rb/30-Hf-Ta × 3 tectonic discrimination diagram ( Figure 12 ) [55] , the majority of granite samples fall into the post-collision granites (post-COLG) field; basically all of the granite samples are located in the post-collision granites (post-COLG) area. Combined with the geochemical characteristics, rock structural characteristics, and tectonic background, we consider that the biotite granites in the Gaudeanmus area are formed in a post-Collision environment. [54] ; Rb/30-Hf-Ta × 3 after Harris et al., [55] ). ORG-ocean ridge granites; post-COLG-post-collision granites; syn-COLG-syn-collision granites; VAG-volcanic arc granites; WOG-within plate granites. Therefore, we propose the formation mechanism of biotite granite may be as follows. The collision of Congo Craton and Kalahari craton resulted in crustal thickening, and later, when the geodynamic regime changed from compression to extension, lithospheric extension led to the partial melting of the mantle material. Underplating of mantle-drived magma produced a high temperature at the base of the crust, and induced massive anatexis of the Abbabis Complex to generate sialic magma. Thus, hybridization between the minor mantle-derived magma and massive sialic magmas form the hybrid magmas that evolved, coupled with assimilation of country crustal rocks during magma ascent, led to formation of the biotite granite in Gaudeanmus area at 540 Ma.
Conclusions
Combining the above determined LA-ICP-MS zircon U-Pb isotope chronology and characteristics with our determined whole rock geochemistry and Sr-Nd-Pb isotopic analyses of biotite granite samples collected from the Gaudeanmus study area, we reach the following conclusions:
(1) LA-ICP-MS zircon U-Pb age of biotite granite in the Gaudeanmus area is 540.2 ± 4 Ma (MSWD = 0.97), which shows that intrusion was emplaced and crystallised in the earliest Cambrian (Terreneuvian epoch).
(2) Whole rock geochemical analysis demonstrates that the study area biotite granite rocks were formed by hybrid process of mantle-drived magma and sialic magma, mainly derived from partial melting of ancient basement clay-poor source rocks. The biotite granite rocks in the Gaudeanmus area are formed in a post-Collision environment. (3) The geodynamic regime changed from compression to extension; lithospheric extension led to the partial melting of the mantle material. Underplating of mantle-derived magma induced massive anatexis of the Abbabis Complex to generate sialic magma. Hybridization between the minor mantle-derived magma and massive sialic magmas form the hybrid magmas that evolved, coupled with assimilation of country crustal rocks during magma ascent, led to formation of the biotite granite in Gaudeanmus area. 
